Background: Antigens DIIIa, DAR and DAU are common in people of African descent and are involved in anti-D alloimmunization. Sickle cell disease (SCD) patients frequently need blood therapy and are vulnerable to alloimmunization.
Introduction
The Rh system is polymorphic and is composed of antigens characterized by high immunogenicity, especially the D antigen. The D antigen (ISBT 004001; RH1) is a red blood cell (RBC) membrane antigen associated with a blood group that is of great importance in blood therapy, because Rh-negative individuals easily develop antibodies when exposed to D-positive RBC [1] .
The partial D phenotype is characterized by the absence of one or more epitopes of the original D antigen that were replaced by other amino acid sequences. Those changes are promoted mostly by missense point mutations in the RHD gene or by gene rearrangements between the RHD and RHCE genes due to the high homology and the short distance between them, and they qualitatively change the D protein in its extracellular localization [2] [3] [4] .
Partial D antigens are rare in the Caucasian population, with frequencies of less than 1%, but are frequent among Africans and individuals of African descent [2] [3] [4] . The variant DIIIa was first described in 1996 as one of the six categories of variants of the Rh-positive antigen among individuals who developed anti-D antibody [5] . The DAR variant is characterized by the complete absence of at least nine of the 37 epitopes and is commonly found in Rh-positive individuals. The DAU variant is common in people of African descent, but it is rare in Caucasians. In 1989, du Toit et al conducted a study in the region of Cape Town, South Africa, and reported that 11% of pregnant women were anti-D Rh-positive [6] .
Sickle cell disease (SCD) is a genetic disease characterized by an autosomal recessive inheritance. It shows a high incidence and prevalence in Brazil, especially in the Bahia state [7] . Sickle cell anemia (HbSS) is the most severe type of SCD, and individuals with this need frequent blood therapy and are vulnerable to alloimmunization, which elevates the risk of blood transfusion reactions that can be severe or even fatal due to overall organ damage [4] .
Therefore, the present study aimed to investigate the frequencies of the DIIIa, DAR and DAU alleles associated with 
Materials and Methods

Study population
A cross-sectional study was developed during the period of 2003 -2007 . The population studied was composed of 241 SCD patients selected from the Hematology Outpatient Clinic of the Fundacao de Hematologia e Hemoterapia do Estado da Bahia (HEMOBA). All patients were phenotyped as D positive or D weak. Clinical data were collected from the medical records, and demographic data were provided by interviews with the patients or with their parents or guardians when the patient was less than 21 years of age. The eligibility criteria included only SCD patients. All patients were at the steady state of the disease, which was characterized as a period without any acute events, and had not had blood therapy prior to blood sampling. The exclusion criteria included the presence of infectious disease, previous blood therapy (less than 4 months before the study) and inflammatory episodes during the study.
The study also included a group of 220 healthy individuals from the same population as the patient group. This group was included to test the frequency of the studied alleles in the same general population. The healthy group was composed of volunteers selected by the Clinical Analysis Laboratory of the Faculdade de Farmacia of Universidade Federal da Bahia (UFBA).
The study was approved by the Centro de Pesquisa Goncalo Moniz of Fundacao Oswaldo Cruz (CPqGM-FIOCRUZ) Human Board, and all subjects provided written informed consent. For patients younger than 21 years, parents or guardians signed written informed consent followed by the child's agreement. The study was developed in accordance with the Declaration of Helsinki of 1975 as revised in 2000. Clinical information was collected from the patients' charts and their physicians.
Hemoglobin profile and hematological data
The hemoglobin profile was confirmed by high-performance liquid chromatography (HPLC) using the VARIANT I (BioRad, CA, USA) equipment, which uses the principle of ion exchange. Calibrators were evaluated before the samples, according to the manufacturer's recommendations.
Molecular biology analysis
Genomic DNA was extracted from leukocytes in 200 µL of peripheral blood using the DNA Kit (Qiagen, Foster City, CA, USA) according to the manufacturer's recommendations. The DNA concentration was measured spectrophotometrically using the Nanodrop ND-1000 (Isogen Life Science, Amsterdam, The Netherlands).
Molecular biology analysis was performed by polymerase chain reaction (PCR) amplification using specific oligonucleotides for study-specific gene regions.
The restriction fragment length polymorphism (PCR-RFLP) technique was used to identify gene polymorphisms associated with the DIIIa and DAR alleles ( Table 1 ). All samples containing the HincII restriction enzyme site had the 667C>G (exon 5) mutation in the RHD gene and were subjected to a second PCR reaction to search for the 455A>C (exon 3) and the 1025T>C (exon 7) mutations. The DNA fragment amplified by PCR was digested with the BanI restriction enzyme, to identify the 455A> C mutation specific for the DIIIa allele, and by the HphI restriction enzyme, to identify the 1025T>C mutation specific for the DAR allele [8, 9] .
The identification of the DAU allele was performed by PCR-SSP using the primers dau1b and daub to amplify the mutant allele located in exon 8 of the RHD gene [10] . The beta globin (HBB) gene was amplified as an internal control (Table 1 ) [11] .
Statistical analysis
The analysis of the probability distribution of the variables was The data analysis was performed using EPIInfo 6.04 (CDC, Atlanta, GA), the Statistics Data Analysis (STATA) SE 10 (StataCorp, TX, USA) and GraphPad Prism 5.0. A P value of less than 0.05 was considered statistically significant.
Results
Patient characteristics
We investigated 241 SCD patients with an average ± standard deviation (SD) age of 17.3 ± 10.9 years, of whom 134 (49.8%) were female. All of these subjects had hemoglobin patterns compatible with SCD, 171 (71%) with HbSS and 56 (29%) with SC disease (HbSC). A healthy control group was included in the study and was composed of 220 individuals with an average age of 36 ± 9.2 years, of whom 98 (44.2%) were female. All of the individuals in the healthy group had normal hemoglobin patterns. Tables 2 and 3 show the 667C>G (exon 5) mutation frequencies among the SCD and HbSS patients. The presence of the D partial phenotype was confirmed by searching for the DIIIa allele associated with the 455A>C mutation (exon 3), the DAR allele associated with the 1025T>C mutation (exon 7) and the DAU allele associated with the 1136C>T mutation in the RHD gene. All results were compared with the frequency of the same allele among healthy individuals from the control group.
RHD gene mutation frequencies
Of 241 SCD patients selected, 193 were analyzed for the 667T>G (exon 5) mutation and 90.1% (174/193) had the wild-type allele, while 9.9% (19/193) had the mutant allele. Of these 19 SCD patients with the 667T>G mutant allele, 78.9% (15/19) were heterozygous, and 21.1% (4/19) were hemizygotes with a negative D allele (D667T>G/D-). The results from the group of healthy individuals showed that 95.9% (211/220) had the wild-type allele for the 667T>G mutation and 4.1% (9/220) had the mutant allele. Of these, 66.7% (6/9) Sickle Cell Disease and DAU Allele J Hematol. 2017;6(4):73-80
were heterozygous, and 33.3% (3/9) were hemizygotes with a negative D allele. The 455 A>C mutation, which characterizes the DIIIa allele, was found in 2.1% (4/193) of SCD patients. Of these, 75% (3/4) were heterozygous, and 25% (1/4) were hemizygous (DIIIa /D-). Interestingly, the 455A>C mutation was not found among the group of healthy individuals. The 667T>G and 1136C>T (DAU) mutations were associated with DIIIa/DAR or 1136C>T (DAU) alleles that were not in HardyWeinberg equilibrium in either the SCD group or the HbSS group. No difference was observed when the allele frequencies of SCD and HbSS patients groups were compared for 667T>G, 1136C>T (DAU), and the associated DIIIa/DAR or 1136C>T (DAU). Table 4 shows the distribution of the DIIIa, DAR and DAU alleles in the RHD gene among the SCD, HbSS and HbSC disease patients. Distribution of the "C", "c", "E", and "e" antigens of the Rh system and the DIIIa, DAR and DAU alleles of the RHD gene Phenotypic data for the antigens "C", "c", "E" and "e" of the Rh system were investigated in the medical records of the patients. This information was available for 75 SCD and 60 HbSS patients. The most common phenotype found in the SCD group and the HbSS group was "ccee", with 37.3% (28/75) and 36.7% (22/60) of patients demonstrating this phenotype, respectively. The second most common phenotype was "Ccee", with 29.3% (22/75) in the SCD group and 30.0% (18/60) in the HbSS group.
Distribution of DIIIa, DAR and DAU alleles
Distribution of partial D genotype frequencies
In analysis of the frequencies of the phenotypes of the Rh system antigens in 36 patients with SCD who had a mutation in the RHD gene, the phenotype "ccee" was the most frequent at 56.8% (21/37), followed by "Ccee" at 18.9% (7/37) and "ccEe" at 18.9% (7/37) ( Table 6 ).
The distribution of the Rh system phenotypes among the SCD patients showed that the incidence of 667T>G and Moura Neto et al J Hematol. 2017;6(4):73-80
1136C>T mutations with the R1R phenotype was more frequent among carriers of the wild-type allele, representing 36.4% (8/22) of the patients, followed by R0r with 22.7% (5/22). Regarding the presence of the 667T>G mutation and the 1136C>T mutation, the phenotype R0r was the most frequent, corresponding to 56.8% (21/37) of the patients, followed by the phenotype R1R with 18.9% (7/37). The mutations 667T>G and 1025T>C, which are related to the DAR allele, were associated with a high risk of hospitalization (Fig. 1) . Sickle Cell Disease and DAU Allele J Hematol. 2017;6(4):73-80
Discussion
The Rh system is extremely polymorphic and has important features related to ancestry, as changes described in this system are not homogeneously distributed among different ethnic groups [12] . Partial D antigens are rare in the Caucasian population but have high frequencies among individuals from Africa or of African descent [2] [3] [4] . Partial D antigens are involved in anti-D alloimmunization because they are recognized as weakly D positive by the monoclonal and polyclonal antisera typically used in serology. Individuals with these antigens usually have been transfused with Rh-positive RBC [13] .
In this study, we investigated the distributions of the DIIIa, DAR and DAU alleles among SCD individuals from the Brazilian state of Bahia after identifying the 667T>G, 455A>C, 1025T>C, and 1136 C>T mutations in the RHD gene. Individuals with SCD that participated in this study had the highest frequencies of the DIIIa, DAR and DAU alleles. Of 241 SCD patients, 25.7% were positive for at least one of the RHD gene mutations investigated. Our data corroborate previous reports that showed high frequencies of the partial D alleles among African people [3, 4, 14] .
The 667C>G mutation is associated with both the DIIIa and DAR alleles and was therefore used as an indicator of either of these alleles. The 667C>G mutation was frequent among SCD patients, with a 2.5-fold higher probability for the presence of the DAR or DIIIa allele in SCD patients compared with healthy individuals. When the HbSS patient group was considered, the 667C>G mutation was found at a higher frequency, with a 2.9-fold higher probability of being found among patients compared with individuals from the healthy group. However, no differences were found between the allele frequencies in HbSC patients and HbSS patients, indicating that the alloimmunization risk is high even among HbSS patients. The observation of a higher allele frequency among SCD patients could represent a selection of patients with severe disease that attend the outpatient clinic and have a high risk of developing RhD antibodies, increasing the risk of alloimmunization.
In our work, 2.1% of SCD patients had the 667C>G and the 455A>C mutations, indicating the presence of the DIIIa allele. Only one patient was hemizygous for this allele. The DAU and DAR alleles were found in 22.3% and 7.8% of the patients, respectively. Castilho et al in 2005 reported the DIIIa allele frequency among Brazilian SCD patients from the city of Campinas, located in the South of Brazil, a region with a predominance of Caucasian individuals, where 9.2% of patients had the 667C>G mutation, comprising 3.1% of the genotype DIIIa/D wild type, and 6.1% had the genotype DIIIa/D-. While Castilho et al in 2005 reported that hemizygous individuals (DIIIa/D-) predominated, the most common genotype in our study was DIIIa/D normal [9] . However, the finding of a greater number of hemizygous individuals (DIIIa/D-) may suggest an increased risk of alloimmunization among SCD patients from Campinas.
The DIIIa allele was not found among individuals from the control group, and analysis of this allele among SCD, HbSS and HbSC patients and the healthy group did not show significant differences. Three of four patients with the 667C>G mutation were from the HbSS group, providing an estimate of the incidence of a partial D genotype DIIIa, of 2.2% of these patients. These findings corroborate the observation that a high frequency of this mutation is common in people of African origin and uncommon among individuals with a Caucasian genetic heritage [8] .
We found the DAR allele in 7.8% of SCD patients and in 8.8% of HbSS patients, which is higher than reported in other studies. Hemker et al studied 326 individuals from South Africa and reported a frequency of 4.9% for the DAR allele, representing 1.5% of all homozygotes or hemizygotes [15] . In populations of Caucasian origin, however, the frequency of the DAR allele is lower than in populations of African origin, with reported frequencies lower than 0.1% [10] . The frequency of the DAR allele reported by Avent in 2009 was 0.0002%, while the frequency of the DAU allele was 0.0001% among 33,864 healthy individuals from a German population. In our study, the frequency of the DAR variant was 7.8% of the mutant alleles in SCD patients [16] . Castilho et al in 2005 described a frequency of 6.9% for this allele in SCD patients from Campinas [9] . 
